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Abstract 
A numerical simulation of spin-dependent quantum transport for a spin field effect transistor 
(spinFET) is implemented in a widely used simulator nanoMOS. This method includes the effect 
of both spin relaxation in the channel and the tunneling barrier between the source/drain and the 
channel. Account for these factors permits setting more realistic performance limits for the 
transistor, especially the magnetoresistance, which is found to be lower compared to earlier 
predictions. The interplay between tunneling and spin relaxation is elucidated by numerical 
simulation. Insertion of the tunneling barrier leads to an increased magnetoresistance. Numerical 
simulations are used to explore the tunneling barrier design issues. 
 
1. Introduction 
Spin-based logic is currently being explored as one of the beyond-CMOS computing 
technologies [1], which are presently being considered to supplement complementary metal-
oxide-semiconductor (CMOS) field effect transistors (FET) in microprocessors. Vigorous 
research in spintronic devices has been carried out over the last two decades [2, 3, 4] and has 
resulted in demonstration of two-terminal giant magnetoresistance (GMR) [5, 6] and tunneling 
magnetoresistance (TMR) [7] devices, and their switching by spin transfer torque [8]. Such 
devices have been commercialized in magnetic hard drives and magnetic RAMs, and had a great 
impact on every-day life. The question arises now whether there is a spintronic device capable of 
similar success in logic. 
One of the candidates is the spin field effect transistor (spinFET) first proposed by Sugahara and 
Tanaka [9], a three-terminal device that utilizes ferromagnetic contacts in the source and drain as 
spin injector and detector. The spinFET is essentially a combination of two Schottky barrier 
MOSFETs, each implemented by carriers with a certain spin state (e.g. one up-spin and one 
down-spin). The transport channels for up-spin and down-spin electrons (or holes) are 
independent, if no spin relaxation occurs, but they become interconnected if spin flip processes 
happen. The semiconductor channel makes the spinFET compatible with the modern CMOS 
technology. Relatively small spin orbit coupling and negligible hyperfine interaction gives 
electrons a long spin life time in silicon [10], which makes it a good candidate for the channel 
material. However, spinFETs are also envisioned with germanium or III-V semiconductor 
channels.  Due to the exchange splitting between the up-spin and down-spin bands in the 
ferromagnetic contacts, the up-spin and down-spin electrons experience different Schottky 
barriers from their conduction bands as they enter into and escape out of the channel. The gate 
controls the width of these Schottky barriers and the electrostatic potential in the channel.  The 
magnetizations of the source and drain can be switched to be parallel or anti-parallel to obtain 
low or high and low resistance between these contacts, respectively, similarly to a magnetic 
tunnel junctions (MTJ) [7, 11]. Therefore, the current flow is controlled by the gate and drain 
bias, and also by the direction of the contacts’ magnetization. The switching of magnetization 
can be performed, for example, by spin transfer torque of the flowing current. SpinFET must be 
distinguished from the spin modulator based on spin precession, the original spintronic device 
proposed by Datta and Das [12]. We will not consider this device here, though some later 
publications call it “spin field effect transistor”. 
The magnetoresistance (MR) ratio, which is a key device performance metric of a spintronic 
device, is defined via the resistances in parallel (RP) and anti-parallel (RAP) contact 
magnetization configurations as follows MR=( RAP -RP)/RP. The identical quantity (provided a 
fixed voltage is applied) is magnetocurrent ratio MC=(IP-IAP)/IAP. In order to improve MR, high 
spin polarization in both source and drain contacts is favorable. Half-metal ferromagnets (HMF) 
were predicted [13], and later on demonstrated by experiment [14, 15], to have close to 100% 
spin polarization of electrons, which is desirable for the contact ferromagnetic material. With the 
ideal performance of spinFETs, it is further shown in [16] that non-volatile memory and 
reconfigurable logic circuits can be constructed using these devices. Despite of the theoretically 
predicted perfect spin polarization in the bulk HMF, there has been no observation of high spin-
polarized current injected from the HMF in experiments [17]. It is argued that when the HMF 
gets in contact with the non-magnets, a randomization layer is formed at the interface [18] where 
spins of electrons are not aligned. This inevitable non-ferromagnetic layer can decrease the 
injected polarization and reduce the MR ratio [19].  
Conduction mismatch between the ferromagnet and the semiconductor is another reason for the 
non-ideal spin injection from [20]. The solution was found in inserting a tunneling barrier 
between the ferromagnet and the semiconductor [21,22]. Even though the tunneling barrier 
resistance decreases the current, a significant enhancement of the injection efficiency is obtained. 
The third factor for non-ideality of spinFET is the spin flip (SF) scattering in the channel. In the 
presence of SF scattering, the two conducting channels (up-spin and down-spin) are mixed, 
which has a great impact on the carriers transport and the MR ratio. All these unavoidable 
imperfection of spinFETs should be taken into account when simulating the devices and 
assessing their performance potential. 
An experimental pre-requisite to spinFET is not just electrical injection of spin polarization in a 
semiconductor, but also electrical detection of spin polarization [23,24]. Necessary conditions for 
efficient spin injection-detection and high MR have been determined theoretically [22,25]. One 
of them is low-resistance tunneling interface between the FM and a semiconductor. Low-
resistance interface to Si [26] and Ge [27] have been fabricated and characterized. A spinFET 
has been demonstrated only recently [28]; it contained HMF electrodes and was switched by spin 
torque effect. 
There has been a large number of theoretical and simulation studies on spin injection from 
ferromagnets into semiconductors, see review [29]. Spin injection to semiconductors has been 
studied in a classical approximation, with drift-diffusion type of equations [30]. The Non-
equilibrium Green’s function (NEGF) method [31] is a rigorous quantum transport treatment of 
nano-scale devices. First the NEGF method has been applied in the research of MTJ devices [32, 
33]. NEGF based on the density functional theory has also been used to study MTJs [34, 35]. A 
spinFET was treated by NEGF [19], however the transport in the channel was considered as 
ballistic with relaxation only at the source/drain and channel interfaces. 
The present article reports the following advances compared to the prior work: (1) simulation of 
spin-dependent quantum transport in a ferromagnet-semiconductor ferromagnet structure, 
including tunneling barriers, (2) rigorous treatment of spin scattering, both in the channel and the 
randomization layer, (3) set realistic performance limits (especially MR) for spinFET with 
relevant factors of non-ideality, (4) implementation within a well established quantum transport 
simulator, nanoMOS [36]. 
The rest of this paper is structured as follow. In section II, we summarize the NEGF formalism 
used to describe the carrier transport in spinFETs, and more specifically focus on the 
mathematical treatment of SF scatterings and the physical connection with spin lifetime in 
various materials. In section III, we apply this method to realistically structured spinFETs and 
quantitatively show that the SF scattering affects the I-V characteristics and can dramatically 
reduce the MR ratio. The physical reasoning is then presented along with rigorous simulation 
results, and two solutions to enhance the MR ratio are proposed and examined by numerical 
simulation. Finally conclusions are drawn in section IV. 
2. Numerical model 
The NEGF formalism is ideally suited for analyzing quantum transport of carriers in nanoscale 
devices. In this section we first briefly restate the main equations of the NEGF method necessary 
for understanding the results. For a more detailed presentation see [31,37]. Then we apply it to 
the case of a spinFET with spin scattering. The key numerical model is described and connection 
of the mathematical description with the physical model is discussed.  
2.1  NEGF method 
The channel material is described by a Hamiltonian matrix [ ]H  of the size NN blocks, N being 
the total number of grid points in the transport direction. Charging effect due to the interaction of 
carrier charges with the potential of the rest of the charges is incorporated via the potential 
matrix[ ]U . These serve as inputs in the equation for the retarded Green’s function at a specific 
value of energy E: 
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The  self-energy accounts for non-coherent processes and contains terms due to the left and right 
contacts and due to scattering processes in the device  
 ( ) ( ) ( ) ( )L R SE E E E      (2) 
And similarly, the in- and out-scattering functions describe the change in populations of 
electrons and holes due to these incoherent processes  
 / / / /( ) ( ) ( ) ( )in out in out in out in outL R SE E E E     (3) 
The spectral function [ ]A  related to the local density of states, and the electron/hole correlation 
function /[ ]n pG , proportional to the occupation numbers of electrons and holes in states of 
certain energyare given by 
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They are related to the local density of states, so they also satisfy the relation 
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The strength of coupling to the left (source) and right (drain) contacts are described by the 
broadening matrices which are related to imaginary parts of the corresponding self-energy 
matrices: 
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/ / /( ) [ ( ) ( )]L R L R L RE i E E     (7) 
The in-scattering/out-scattering matrices represent the carrier injection and extraction rates 
into/out of the channel: 
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where / ( )L Rf E  is the Fermi distribution functions in each contact. 
Scattering, no matter if it is elastic or inelastic, can be visualized as the coupling of the channel 
and a reservoir [31], whose self-energy matrix is[ ]S . The scattering process is physically 
described by the in-scattering/out-scattering matrices /[ ]in outS  which show the rate of electrons 
coming into/out of a certain state. The sum of the two matrices gives the broadening matrix due 
to the scattering process: 
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from which the scattering-related self-energy can be obtained through a Hilbert transform as 
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The imaginary part of [ ]S obeys the same fashion as that between /[ ]L R  and /[ ]L R . The real 
part of [ ]S  is obtained via the Hilbert transform, where P stands for the principal value of a 
singular integral, see [38] for details. 
The NEGF and the Poisson equation are solved self-consistently in a loop, because the electron 
density is obtained from NEGF equations and used to solve for the electric potential, while the 
potential is necessary to solve the NEGF equations. The current is calculated once the 
consistency is reached. This is the only loop necessary for the ballistic simulation (i.e. with zero 
scattering terms). In the scattering case, we have to consider an additional inner self-consistency 
loop to calculate the in-scattering or out-scattering matrix /[ ]in outS  and the electron/hole 
correlation function 
/[ ]n pG  in the NEGF formalism. As described in [31,37], the in-/out-
scattering energies /[ ]in outS  contains 
/[ ]n pG  as the inputs. They are used, in their turn, to 
calculated the contact self-energy [ ]S  through Eq.  
(9) and 
 
(10), and consequently to 
obtain [ ]G  from Eq. 
 
(1). Once the self-consistency in the inner loop is achieved, the iteration in 
the outer loop of NEGF and Poisson equations starts. One way to speed up the simulation is to 
bypass the computationally intensive Hilbert transform in Eq. 
 
(9). It is possible for elastic 
scattering, where the in-/out-scattering functions depend on the Green’s functions at the same 
value of energy only. In that case, the expression of the self-energy drastically simplifies, see 
[38]. The spin flip (SF) scattering considered here is elastic, and thus admits such a 
simplification. Thus the expressions for the scattering terms become 
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 (11) 
where we introduced the scattering tensor[ ]D . In this case, a simpler self-consistency loop is 
performed to calculate the Green’s functions at separate values of energy, which proves to be 
less time consuming. 
At node i of the grid, total current ( iI ) and current for each energy level ( ( )iI E ) are given by the 
summation over spin states I and the integral over energies. 
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2.2  SpinFET description 
The structure of the spinFET is illustrated in Fig. 1. Current flows along the transport 
direction x. Across the z direction are two metal gates separated by thin dielectric layers of gate 
oxide above and below the channel which provide good electrostatics control. We have 
implemented the spin-dependent transport simulation based on the widely used simulator 
nanoMOS [36]. The width of the device in the transverse direction z is assumed to be large 
enough, so that the states with various transverse momentum (and corresponding energy Ey) can 
be analytically integrated, as it is implemented in nanoMOS, see [38] for details. Therefore, 
unless otherwise specified, energy E in the paper refers to the longitudinal energy due to motion 
along the x direction. In the example mostly used in this paper, the channel length is set at 12nm, 
the channel width is 3nm, and the thickness of both top and bottom gate oxides is 1nm.  
 
Fig. 1. The spinFET schematic. The source and drain are HMF. The magnetization of the 
drain can be switched to obtain the parallel and anti-parallel configurations. The double 
metal gates control the channel electrostatics. The source contact injects and the drain 
contact detects spin polarized current through an oxide tunneling barrier. A spin 
randomization layer exists at the boundary of the HMF. 
As the NEGF formalism is applied to spinFET, each element in the Hamiltonian [ ]H  is a 22 
matrix, with the (1,1) element representing the onsite energy of “up”-spin state and the (2,2) 
element – of the “down”-spin state, relative to a chosen preferred axis. Therefore the resulting 
size of the Hamiltonian matrix [ ]H  is 2N2N. The same is true for the contact self-
energy /[ ]L R , whose elements are all zeros except for the top-left and the low-right 22 blocks. 
The non-zero elements in the contact self-energy describe the coupling of up-spin and down-spin 
electron states in the source/drain and the channel: 
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where 
/ , /L R u dk is the momentum of the carrier in the source/drain in the up or down spin state, 
corresponding to the energy E  and t is the amplitude of coupling between the source/drain and 
the channel. We assume that the magnetization of the contacts is along the same preferred axis, 
otherwise a transformation matrix has to be introduced in the above equation [31]. In the 
following analysis, the up-spin is set as the majority spin states and down-spin is the minority 
spin states in the source contact. If the magnetization of the contacts is parallel, the drain contact 
shares the same spin relation, whereas for the anti-parallel case the drain contact has exactly the 
opposite relation between up-down and majority-minority designation.  
There are two important parameters of the ferromagnetic contacts: the spin splitting S and the 
majority spin bandwidth E. The energy gap between the bottoms of the majority spin band and 
the bottom of the minority spin band is called the spin splitting S. The majority spin bandwidth 
E is defined as the energy distance between the contact Fermi level EF,L/R and the bottom of the 
majority spin band. If S is larger than E, the ferromagnet is called a half-metal ferromagnet 
(HMF). The Fermi level crosses just one spin band in such a material. Spin polarization close to 
100% is expected in the material if the magnetization is coincident with the up-spin axis, 
however it does not necessarily translate in extremely high spin polarization in the 
semiconductor. 
We assume that the source and the drain are made of a half-metallic ferromagnet (HMF). The 
effects of non-ideal spin polarization of carriers are accounted for by the spin randomization 
layer [17,18], as shown in Fig. 1. It is a layer at the interface of a ferromagnet, where the spins of 
localized electrons are not aligned with the direction of magnetization, but instead have random 
directions. The effect of the spin randomization layer is described as the first and the last block in 
the scattering self-energy[ ]S . The rest of the diagonal blocks in [ ]S  represent spin relaxation 
in the channel, with, in general, different rates of relaxation.  
A tunneling oxide layer may be formed between the source/drain and the channel. It is modeled 
as a potential barrier of width W and energy height UH. They are the input values of the channel 
Hamiltonian [ ]H  and set constant at every self-consistent calculation. Since the tunneling barrier 
has the resistance which is spin-dependent, it is commonly used in ferromagnetic tunnel 
junctions to increase their magnetoresistance [4]. Drift diffusion simulations [21] predict that the 
tunneling barrier with carefully adjusted resistance can increase the magnetoresistance of a 
FM/semiconductor/FM stack as well. This effect exists for any tunneling barrier due to the fact 
that different states within a band align close to the top of the barrier for up-spin and down-spin 
bands. However, it is especially pronounced for certain tunneling barrier materials such as MgO 
[39]. In that case, up-spin and down-spin states over a certain range of energy belong to different 
bands with different crystal symmetries. Therefore they tunnel with drastically different 
probabilities. As a result, MgO provides additional very efficient spin filtering and increases the 
spin polarization of injected carriers. This effect can in principle be modeled by setting different 
height of the barrier or by different mass of carriers in the barrier for up-spin and down-spin 
carriers. However, variation of the mass along the transport direction is incompatible with the 
summation over the transverse momentum states implemented in nanoMOS. Separate NEGF 
solution for each momentum state is possible [33] but proves to be too computationally 
expensive in the case of a transistor. In this paper we assume a constant effective mass in the 
transport direction which is incorporated in nanoMOS. 
The explicit form of the Green’s functions and self energies with spin indices can be written as a 
set of diagonal blocks for each grid point 
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The in-/out-scattering functions implement the spin-flip scattering processes via the following 
relation to the electron/hole density 
/[ ]n pG  and a scattering tensor[ ]D , see [40] 
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with [ ]D  being the fourth-order tensors in spin indices at in each grid point. The above equation 
can be qualitatively understood as the rate of electrons scattering into ([ ]inS ) or out of ([ ]
out
S ) 
the state with energy E being proportional to the existing electron([ ]
nG ) or hole([ ]
pG ) density. 
We assume here the same functional form for electrons [ ]nD  and holes[ ]pD . The scattering 
tensor can be separated into the coupling factor and the dimensionless tensor 
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For the case of isotropic relaxation, the dimensionless tensor is [40] 
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and the equation for the self-energy turns to, 
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To understand the scattering coupling factor D, we now relate it to the commonly used spin life 
time T1 (or the scattering rate T1
-1
), which is more familiar to experimentalists, see [4]. For two-
dimensional gas of carriers, where the density of states and the spin lifetime are constants of 
energy, we obtain [38] 
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where ax, ay are the grid size in x and y directions, and m is the mass of carriers. The spin 
relaxation rate can be related [21] to the spin diffusion length in a non-degenerate semiconductor 
with carrier density n  and resistivity   
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However for a short channel device, the current is dominated by quantum resistance rather than 
resistivity of the channel. We will consider cases with widely varying rates of SF scattering. 
Expected SF times for electrons are of the order of ~0.1ns in silicon and ~1ps in germanium. For 
holes, SF times are comparable to momentum relaxation times and can be as fast as ~1fs.  
3. Results 
3.1  Coherent transport  
Let us first consider the case of no spin scattering. In the spinFET studied in this paper, the 
source Fermi level lies between the majority(up-spin) and minority(down-spin) spin bands, with 
the parameters spin splitting S=2.4 and majority spin bandwidth E=2.0 which agrees with 
theoretical calculation in [18]. The energy difference of 0.4eV between the Fermi level and the 
minority spin band is big enough to ensure that almost 100% of the injected electrons are up-spin. 
Absence of scattering will result in a ballistic electron transport [19], i.e. the current reaching the 
drain end is also 100% up-spin polarized without losing the phase coherence. The carriers see 
different potential barriers for up-spin and down-spin in the drain contact of different 
magnetization configurations, and therefore produce totally different I-V characteristics as 
shown in Fig. 2. 
 Fig. 2 IDS-VDS plots for (a) parallel and (b) anti-parallel configurations in ballistic 
transport regime. The gate voltage values are 0.7V, 0.5V, 0.3V, 0.1V, from top to bottom 
curves. 
The up-spin channel is the only conducting channel in the ballistic transport, and it has a high 
barrier potential in the drain contact under the anti-parallel configuration which blocks the 
current flow and results in a very small drain current, as can be seen in Fig. 2(b) when VDS<0.4V. 
The 0.4V is called turn-on voltage VON here, which is defined as the drain voltage required to 
push the minority spin band in the drain contact below the Fermi level of the source contact in 
the anti-parallel configuration. When VDS>VON, the minority spin band has states the Fermi levels 
of source and drain; and the current will flow, as shown in Fig. 2(b) for VDS>0.4V.  
 Fig. 3 Magnetocurrent ratio of the ballistic spinFET under different drain bias. The dots 
are the data obtained as VGS=0.5V or 0.7V, and a fitted curve is plotted to represent the 
average values of the discrete dots. 
The MR ratio plotted in Fig. 3 shows that with an ideal ballistic carrier transport a high value of 
MR around 1000 can be obtained. The lower bound of VDS is chosen in Fig. 3 to ensure the large 
MR ratio as well as a reasonable drive current of the spinFETs.  
3.2  Scattering transport 
Now let us turn to the effect of SF scattering on the performance of the devices. First, we 
introduce only the channel SF scattering and leave out the randomization layer and the tunneling 
barrier, as designated in Fig. 1.  The injected 100% up-spin electrons scatter with the SF impurity 
with some probability and flip into down-spin along the channel. This scattering occurs 
everywhere inside the channel, as shown in Fig. 4. The closer the electron is to the drain, the 
higher probability it has to turn into down-spin. The amount of down-spin current increases with 
the increase of electron-impurity coupling strength D(E). As can be seen in the following 
analysis, this large amount of down-spin electrons produced in the channel will cause current 
leakage into the drain and will degrade the device performance.  
 
Fig. 4 Energy-position resolved current in the channel for (a) up-spin and (b) down-spin 
in the parallel configuration. Up-spin turns to down-spin as the electrons traverse the 
device.  
The impurity scattering acts as a cause of shortened lifetime of carriers in the channel. In other 
words, the local density of state will spread out in real space and broaden in energy space as we 
increase the value D(E). This effect is observed in our simulation (Fig. 5) for different D(E) 
which corresponding to different spin life times. 
 
Fig. 5 Energy-position resolved local density of state in the channel in parallel 
configuration.  The electron-impurity coupling D(E) are 2.5x10
-5
 eV
2
 in (a), 2.5x10
-3
 eV
2
 
in (b) and 1 eV
2
 in (c), which corresponding to 40ps, 0.4ps, and 1fs spin life times 
respectively. The strong coupling reduces the spin life time, and also broadens the 
available states in the channel. 
It is also seen in Fig. 5 that the band edge profiles inside the channel are different for these three 
values of D(E). It can be understood considering that electron distribution for both up-spin and 
down-spin depends heavily on the SF scattering rate, and thus the modified charge density 
generates various potential energy profiles according to the Poisson equation. This dependence 
shows us the importance of a self-consistent solution of NEGF and Poisson equation in the 
presence of the scattering in the channel. It is inaccurate to assume that the band profiles are the 
same with and without SF scattering. The charge distribution will affect the energy band, and 
vice versa. From the above analysis, we conclude that the SF scattering can (1) flip the spin 
polarizations and create down-spin current along the channel, (2) broaden the local density of 
states and (3) change the energy profile in the devices.  
Besides of the above effects, SF scattering affects MR of the spinFETs. Fig. 6 shows that with 
SF scattering in the channel, the drain current in the anti-parallel configuration increases 
dramatically even below the turn-on voltage (compare it to Fig. 2(b)).  
 
Fig. 6 IDS-VDS plots for (a) parallel and (b) anti-parallel configurations in scattering 
transport regime. The gate voltage values are 0.7V, 0.5V, 0.3V, 0.1V, from top to bottom 
curves. The electron-impurity coupling is set to be 10
-3
eV
2
, which corresponds to 1ps spin 
lifetime in the channel. 
SF scattering induced leakage in the drain current can greatly decrease the MR of the devices, as 
shown in Fig. 7 for three different electron-impurity coupling strength corresponding to spin life 
times of 1ps, 5ps and 10ps. 
 
Fig. 7 Magnetocurrent ratio of spinFETs with SF scattering under different drain bias, 
and with different electron-impurity coupling. The dots are the data obtained as VGS=0.5V 
or 0.7V, and fitted curves are plotted to represent the average values of discrete dots. 
Since this drain leakage current in the anti-parallel state is not observed in the ballistic transport 
(Fig. 2(b)), one must conclude that SF scattering is the cause. Fig. 8 separates up-spin and down-
spin currents in the anti-parallel configuration for both ballistic and scattering cases with the bias 
condition VGS=VDD=0.7V, VDS=0.2V. Before the device is turned on (VDS<VON=0.4V) and 
without SF scattering, almost 100% up-spin electrons injected from the source are confined in 
the quantum well formed by the channel and cannot escape into the drain (Fig. 8(c)). The 
negligible down-spin current flows freely from source to the drain, but contributes very little to 
overall current (Fig. 8(d)). When SF scattering is turned on, a large amount of down-spin 
electrons is generated (Fig. 8(b)). They escape to the drain contact thanks to the low barrier 
between the channel and the drain. The up-spin electrons remain confined in the channel as in 
Fig. 8(a). Note that in the up-spin quantum well, the electrons occupy certain eigenstates of 
energy. One can notice the 5 lowest modes that contain from one to five anti-nodes of the 
wavefunction, respectively (Fig. 8(a),(c)). The energy states are wider in the case shown in (a) 
than in (c), because of the above mentioned SF coupling values. 
 
Fig. 8 Energy-position resolved charge density of up-spin ((a) and (c)) and down-spin ((b) 
and (d)) current, for scattering ((a) and (b)) and ballistic ((c) and (d)) transport regimes. 
In the scattering transport regimes, the up-spins turn to down-spins and escape to the 
drain, while no down-spins current flows in the ballistic case. 
The interface spin randomization layer can also have the same effect as the channel scattering 
and be detrimental to the MR ratio. It has been found that the interface treatment at the drain side 
is more pertinent to achieving high MR ratio [19]. With a reasonable estimate for the coupling 
strength D(E)=1eV
2
 and ~80% spin injection polarization, the MR ratio drops drastically 
compared to the ideal case without the spin randomization layers, as indicated in Fig. 9.  
 
Fig. 9 Magnetocurrent ratio of the spinFETs with SF scattering and interface spin 
scattering under different drain bias, and with different interface electron-impurity 
coupling. The channel electron-impurity coupling is 10
-4
eV
2 
(10ps spin life time). The 
dots are the data obtained as VGS=0.5V or 0.7V, and fitted curves are plotted to represent 
the middle point of the discrete dots. 
In order to improve the MR ratio, the current in the parallel configuration should be maximized 
and the current in the anti-parallel configuration should be minimized. In the parallel 
configuration the down-spin channel is not conductive with or without SF scattering, because the 
band edge profile contains a high potential wall in the drain end. The up-spin electron transport 
is similar to that in a Schottky barrier field effect transistor. The comparison of Fig. 2(b) and Fig. 
6(b) stresses the need to decrease the current in the anti-parallel configuration as the only way to 
improve the MR ratio. The magnitudes of up-spin and down-spin current in parallel and anti-
parallel configurations are plotted in Fig. 10. 
 
Fig. 10 IDS-VDS,VGS plots of up-spin ((a) and (c)) and down-spin ((b) and (d)) current, for 
parallel ((a) and (b)) and anti-parallel configuration ((c) and (d)). The electron-impurity 
coupling (|D|=10
-3
eV
2
) gives large up-spin current at the on state and large down-spin 
current at medium VDS in the anti-parallel configuration. 
The subplots (a) and (b) verify the dominance of the up-spin current in the parallel configuration 
even at relatively high SF coupling (spin life time of ~1ps). The anti-parallel up-spin current 
increases to almost 600 A/m in the on-state as seen in Fig. 10(c), which can be explained with 
the help of the energy-position resolved charge density plot in Fig. 11. In the on-state with 
VGS=VDS=VDD=0.7V, the high gate bias creates thinnest thin Schottky barrier between the source 
and the channel, permitting a large amount of electrons to tunnel through. The high drain bias 
ensures that the bottom of the minority carrier conduction band in the drain is below the source 
Fermi level; and therefore large current flows. However, below the turn-on voltage (VDS<VON), 
down-spin current due to SF scattering  is much larger  (Fig. 10(d)) than the up-spin current  
limited by the quantum well confinement, as seen in Fig.8(b). Thus the up-spin current 
dominates the total current in the on-state of the spinFETs, and the down-spin current dominate 
in the off-state.  
 
Fig. 11 Energy-position resolved charge density of the (a) up-spin and the (b) down-spin 
current in the scattering transport at the on-state in the anti-parallel configuration. The 
high VDS pushes down the drain energy band, which gives a large amount of up-spin 
current flowing out of drain. 
To decrease the high anti-parallel current, two solutions are considered here. The first one is to 
reduce the up-spin current at VDS>VON by increasing the spin splitting S in the drain contact. 
The band diagram and charge density are plotted in Fig. 12. The large S presents a high 
potential wall to electrons arriving at the drain and thereby blocks the current. The simulation 
indicates that the up-spin current is reduced from 560 A/m to 0.6 A/m at the same bias 
conditions. This is due to the fact that the quantum well confines the up-spin electrons in the 
channel, increasing the probability of SF scattering into down-spin states. More down-spin 
electrons are generated in the case of a larger S in the drain, and therefore the down-spin current 
increases from 7 A/m to 57 A/m (Fig. 11(b) and 12(b)). However the total current drops as a 
result of the dramatic decrease of the up-spin current.  
 
Fig. 12 Energy-position resolved charge density of the (a) up-spin and the (b) down-spin 
current in the scattering regime at the on-state. The source and drain are anti-parallel 
configured. The high VDS pushes down the drain energy band, but the large spin splitting 
blocks the electrons from going into the drain, which reduces the current at the on-state. 
The second method is to reduce the down-spin current at VDS<VON by inserting a tunneling 
barrier between channel and drain. The high anti-parallel leakage down-spin current at VDS<VON 
induced by SF scattering is the main cause of low MR ratio (Fig. 13(b)). The tunneling potential 
barrier effectively blocks the current and diminishes the leakage, as shown in Fig. 13(a). We 
simulate a 4nm thick spin-dependent tunneling barrier that exhibits a higher barrier height for 
down-spin and a low barrier height for up-spin electrons. In the parallel configuration, the up-
spin dominated current changes insignificantly, while the down-spin leakage current in anti-
parallel configuration is lower. The effect of the spin-dependent tunneling oxide is exhibited at 
both source and drain ends. The barrier at the source end can filter the injected current and 
increase its polarization, and the barrier at the drain end can stop the leakage down-spin current 
below the turn-on voltage and almost eliminate the current in the anti-parallel configuration. 
Thus the MR ratio is ~100x higher with the spin selective tunneling oxide than without it. 
 
Fig. 13  Energy-position resolved charge density of the down-spin current in the 
scattering regime. The source and drain are anti-parallel configured. The tunneling barrier 
for the down-spin electrons between the channel and drain can lower the total current and 
therefore increase MR by about 100x. 
The enhancement of MR ratio by adding the tunneling barriers can be seen in Fig. 14. In the on-
state that VGS=VDD=0.7V, the spinFETs without the tunneling barriers have a low MR of ~20. It 
can reach 100 with the insertion of the same barriers (UHD=UHU) for both up- and down-spins. In 
the case that the tunneling barrier for the down-spin is higher than that for the up-spin electrons 
(UHD>UHU), the MR can increase to ~500. 
 Fig. 14  Magnetocurrent ratio of the spinFETs with various tunneling barriers 
configurations under different drain bias. The tunneling barriers in the source and drain 
ends are of 4nm thick and 0.6eV high. There are 3 devices simulated here: without 
tunneling barriers for both up- and down-spins (dash line), with the same tunneling 
barriers for both spins (dotted line), and with the different barriers for both spins (solid 
line). 
4. Conclusion 
In this work we have demonstrated a rigorous quantum transport (NEGF) simulation of spinFET 
with the account of SF scattering, tunneling and Schottky barriers, and self-consistent charge 
distribution. In the ideal case without channel scattering the device shows very large MR ratio of 
the order of 10
3
. SF scattering generates a large amount of down-spin electrons which increases 
the current in the anti-parallel configuration, and eventually degrades the MR ratio to around 10 
with a reasonable assumption of spin life time in Silicon. The MR ratio becomes even lower with 
the account of the inevitable spin randomization layer at the FM/semiconductor interface. As a 
result of our numerical study, two solutions are proposed to improve the performance of 
spinFETs. The first method is to increase the energy spin splitting in the drain contact in order to 
create a high potential barrier to block the drain leakage current, which mainly consist of the up-
spin electrons coming from the source. Another solution is to insert a spin-selective tunneling 
oxide layer between the source/drain and the channel, which brings the MR ratio up to ~500. 
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